In the present paper, tribological properties of DLC films deposited by UBM sputtering were investigated by rolling contact friction tests under approximately 2.86GPa of high contact pressure. DLC films were deposited by UBM sputtering under substrate bias voltages such as 0 to -300V. Friction coefficients of DLC films deposited under low bias voltage were unstable. And it was found that this unstable friction coefficient occurred when the counterpart ball began to contact with sliding. From observation of the cross section of DLC films after occurring unstable friction coefficients using SEM, the films were fractured in the a-C:H or Cr/C gradient interlayer. Moreover, these fractures had already occurred before sliding. DLC films were thought to be damaged by rolling with slightly sliding contact with high pressure in very short time. It was clear that DLC film deposited under substrate bias voltage -300V has the best performance for high contact pressure. And the change in Young's modulus of Cr/C gradient interlayer at the interface continuously seemed to be important to prevent the fracture of DLC film due to high pressure.
Introduction
Diamondlike carbon (DLC) films are known to have low friction coefficient and high wear resistance. And these are noted as surface treatment technology for various manufacturing areas especially in mechanical fields. They have already been put to practical use in some fields such as parts of automobiles, precision instruments, and water outlets and so on and advanced their robustness and sustainability. The use of DLC films in automotive parts, such as valve lifters, clutches, has received considerable attention (1, 2, 3) , and research has shown that vehicles with parts made using DLC film have much better fuel economy than the ones that do not (4) . And the mechanical properties of DLC films are known to vary significantly depending on the deposition methods and deposition conditions, and it is generally said to low tribological properties and wear resistance have trade-off relationship (5) . However, DLC films consist of stable carbon bond and have high residual stress in themselves. Therefore, the film-substrate adhesion is weak, and they can be used under the condition such as little surface contract pressure. Their adhesion must be improved if they are used in strict tribological conditions (6) .
By the way, Unbalanced Magnetron (UBM) sputtering is one of the deposition methods for hard coatings. In UBM sputtering, high density plasma is generated near the substrate by the action of intentionally unbalanced magnetic field around the sputter targets. And the adhesion of DLC films deposited by UBM sputtering is better than the one deposited by other deposition method. UBM sputtering should be appropriate for deposition of high adhesive films.
In the present paper, tribological properties of DLC films deposited by UBM sputtering onto SCM415 substrates were investigated using rolling friction tests under high surface pressure. And the effect of deposition conditions on tribological properties of DLC films were investigated by rolling friction tests.
Experimental Details

Depositions of DLC films
DLC films in the present paper are consisted of two layers: a lower Cr/C gradient interlayer and an upper hydrogenated amorphous carbon (a-C:H) layer. The films were deposited using the UBM sputtering system (Kobe Steel Co., UBMS202) on carburized SCM415 substrates (HRC59, 40×40×t6.0). The surfaces of SCM415 substrates for DLC film deposition were lapped. Each substrate was cleaned ultrasonically in acetone, n-hexane, and then acetone for 10 minutes respectively before inserting the vacuum chamber of the UBM sputtering system. The pressure in the chamber was then reduced to 1.0×10 -3 Pa, and the substrate was cleaned by Ar ion bombardment for 0.9ks with -500V substrate bias voltage and 5.0A of the tungsten filament current. Then DLC films were deposited by the sputtering Cr and graphite targets in Ar and CH 4 mixed gas under the deposition conditions listed in Table 1 . Only substrate bias voltage was changer for deposition of a-C:H layer. On the other hand, deposition conditions of the Cr/C gradient interlayer is constant despite the a-C:H layer. And an example of cross sections of DLC films observed by scanning electron microscope (SEM) is shown in Fig.1 . In the present paper, DLC films were deposited changing only substrate bias voltage from 0 to -300V. Thickness of films was from 1.380 to 1.395µm (including Cr/C gradient interlayer, whose thickness is constant 0.47µm approxiTable1 Deposition conditions 
Scratch test
Scratch tests were performed to investigate the adhesion properties of DLC films. Adhesion property of the film was investigated using a scratch tester (CSEM-REVETEST) equipped with a Rockwell C-type indenter with a diamond tip radius of 200µm. The scratch test was performed under the standard condition suggested in the JSME S010, with loading rate 100 N/min, and scratch velocity 10 mm/min (7) . Critical load Lc was evaluated at the point of initial scratch failure on the scratch track of the film.
Friction tests
Friction tests were performed for DLC films using the ball-on-disk type rolling friction tester (Sinko Zouki. Co. Ltd.) with three SUJ2 steel balls of 4.7mm diameter in NTN 51102 thrust bearing as a counterpart under dry condition (with no lubricants). Test was continued with rotational speed 500min -1 for 60 minutes and under approximately 147N of the normal load. When load is converted to Herzian contact pressure, it gives 2.86GPa approximately.
Measurement of hardness and Young's modulus of DLC film
Nanoindentation tester (ELIONICS Co. Ltd. ENT-1100a) was used in order to measure hardness and Young's modulus of a-C:H layer and Cr/C gradient interlayer. Indentation test was carried out under the temperature of 25±1 degree C with constant loading speed of 25µN/s and constant indentation depth of 60 nm considering indentation depth up to 1/10 of the film thickness. Method proposed by Sawa and Tanaka was used in order to correct the effect of the shape of indenter tip and the indentation area (8) . Measurement was carried out for fourteen points on the surface of the film and the average was adopted without four data from maximum and minimum data in sequence. Error bar in the following figure indicates the maximum and minimum in ten points without those four data. Figure 3 shows a relationship between substrate bias voltage and critical load Lc of DLC films. Critical load Lc increases as increasing substrate bias voltage up to -100V and decreases over -100V. Generally, adhesion of DLC film increases with increasing the energy of atoms colliding to substrate surface for deposition (9) . Substrate bias voltage increases, and velocity and kinetic energy of sputtering grain are estimated to increase. Therefore, adhesion of the film is thought to increase. However, obtained result is the opposite outcome to that prediction especially over -100V. It was found that the compressive residual stresses of DLC films increased with increasing substrate bias voltage up to -300V in the pr- evious study (10) . Increasing compressive residual stresses are thought to be brought by the further densification caused by substrate bias voltage. Therefore, films cannot relieve stresses by the densification. On the other hand, softening of the substrates is thought to occur because of the substrate temperature increasing as shown in Fig.2 , and hardness of the substrate is thought to decrease as increasing substrate bias voltage especially -200 and -300V. Therefore, Lc decreased as increasing substrate bias voltage over -100V. Tribological properties are thought to affect by hardness of material, because hard material is generally difficult to deform due to large applied load. When the material is difficult to deform, friction coefficient is thought to be little. However, DLC film deposited under -300V substrate bias voltage, which has the second hardness, has best tribological property. Therefore, tribological property with rolling contact seems to affect the other mechanical or material properties.
Effects of substrate bias voltage on adhesion properties
Raman N/S ratio, which is Raman spectrum intensity ratio between the peak and noise (background) intensity of DLC film, is form a conjecture on hydrogen concentration in the film (11) . Fig.6 shows relationship between Raman N/S ratio and substrate bias voltage. Raman N/S ratio decreases with increasing substrate bias voltage. Hydrogen concentration in DLC films is thought to decrease with increasing substrate bias voltage. And the hydrogen concentration in DLC film deposited under -300V substrate bias voltage is predicted to be less than that of -200V. Basically, friction coefficient is thought to be less as hardness of the film is large. Especially in hard film group, tribological property of DLC films with small hydrogen concentration is thought to be better than the one with large hydrogen concentration, however such mechanism is not clear. 
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Vol. 6, No. 1, 2012 During friction tests, when friction coefficients increased dramatically, sounds like sticking were heard. Therefore, in order to evaluate sliding contact between balls in thrust bearing and DLC films, two taco-meters were used and rotation speeds of the main spindle of the test rig and a thrust bearing were measured. Figs.4 (a) to (f) also show the variations in difference between rotation speeds of the main spindle and a thrust bearing, that is, sliding contact occurs. From Figs.4 (a) to (f), it is clear that variations in friction coefficients are synchronized with the variations in difference in rotation speeds between the spindle and thrust bearing. Dramatically increasing of friction coefficient is thought to be affected by the sliding contact. According to these variations in the difference in rotational speed, friction coefficient of DLC film becomes unstable after not only rolling contact but also sliding contact occurs. And the stable area of variations in the friction coefficient increases as increasing the substrate bias voltage. And these fracture depth are not related to adhesion properties as shown in Fig.3 and Fig.7 . Considering adhesion properties of the films predicted by critical load Lc, DLC film deposited under substrate bias voltage -100V has the best adhesion property, however, film deposited under -300V is thought to be the best from fracture SEM observation.
When not only rolling contact but also sliding contact occurs, it was found from SEM observations that DLC films were damaged in a-C:H or Cr/C gradient interlayer. However, it is not clear that such damages were caused by only rolling contact or by sliding contact. Figures 8 (a), (b), (c), (d) , (e), and (f) show SEM images of fractures of DLC films during rolling contact occurs (before sliding contacts occur), that is, before unstable friction coefficient occurs. It is clear that fracture bottom is in Cr/C gradient interlayer or a-C:H layer. And it is found that depth of such fractures decreases as increasing substrate bias voltage as well as fractures observed when sliding contact occurred.
For summarization of the above results, relationships between substrate bias voltages and fracture depths of DLC films after rolling-sliding and only rolling contacts are shown in Fig.9 . It is clear that the fracture depth of DLC films decreases with increasing substrate bias voltage in case of both rolling-sliding and only sliding contacts. Figure 10 shows relationship between depth from the surface and the Young's modulus of Cr/C gradient interlayer measured by the nanoindentation tests for Cr/C gradient interlayer. Cr/C gradient interlayers on the substrates for the measurements were obtained stopping 11 times in the deposition process of Cr/C gradient interlayer, and measured Young's modulus of these Cr/C gradient interlayers having various thickness (this concepts were shown in Fig.11 ). From these measurements, distributions of Young's modulus would be clear. From Fig.10 , it is clear that Young's modulus of Cr/C gradient interlayer changes as increasing the depth. And Young's modulus of Cr/C gradient interlayer changes strangely from 0.085 to 0.128µm depth. Change in Cr/C gradient interlayer was thought and predicted to change linearly as increasing the depth of the interlayer, because the carbon composition increases gradually from bottom to the surface. Fig.12 shows relationships between Young's modulus of DLC films and substrate bias voltage. Considering Fig.10 and Fig.12 , change of Young's modulus from Cr/C gradient interlayer and a-C:H layer deposited in substrate bias voltage -150 and-300V at the interface between Cr/C and a-C:H layer is continuous in all a-C:H layer. Fracture depth of DLC film deposited under substrate bias voltage -150V is large and friction coefficient of it is unstable. On the other hand, fracture depth of DLC film deposited under substrate bias voltage -300V is little and friction coefficient of it is stable. Summarizing these results, DLC film, which is harder and has lower hydrogen concentration and the continuous change in mechanical properties at the interface, seems to have enough strength under rolling contact under high contact pressure. Figure 13 shows relationships between the ratio of Young's modulus of Cr/C gradient interlayer at the interface between Cr/C and a-C:H, and a-C:H layer and fracture depths after rolling-sliding and only sliding contacts. Fracture depths seem to be little near the point with Young's modulus ratio approximately 1.0. It means that the same Young's modulus of Cr/C and a-C:H layer at their interface prevents the film fracture. 
Conclusions
DLC films were deposited by UBM sputtering under various substrate bias voltages. And friction and other mechanical properties of these films were estimated using rolling friction test under high surface pressure and other tests. From these experiments, the following conclusions were obtained. 1) Friction coefficients of DLC films deposited under high substrate bias voltage are stable than the ones deposited under low substrate bias voltages. And stable area of friction coefficients increase as increasing substrate bias voltage. 2) DLC films are damaged by sliding contact with high pressure. And these are damaged by only rolling contact with high pressure. 3) Fracture depth of DLC films are less as increasing substrate bias voltage. 4) Continuously change in Young's modulus of a-C:H layer and Cr/C gradient interlayer at the interface seems to be important to prevent the fracture of DLC film due to high pressure.
